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ABSTRACT We have investigated the interactions between gramicidin and a model membrane composed of one phospholipid,
dimyristoylphosphatidylcholine, as a function of the cosolubilization solvent and incubation time used in the sample preparation.
Three organic solvents have been used; trifluoroethanol, a mixture of methanol/chloroform (1:1 v/v), and ethanol. Using Fourier
transform infrared spectroscopy, we have demonstrated that the conformation adopted by gramicidin in the membrane is
dependent upon the cosolubilization solvent used, and, only with trifluoroethanol, it is possible to incorporate gramicidin entirely
as a 36_3-helix. Moreover, Raman spectroscopy results indicate that the orientation of the tryptophan side chains in gramicidin
and their interaction with the hydrocarbon chains and the carbonyl groups of the lipids are also dependent on the cosolubilization
solvent. On the other hand, the effect of the incorporation of gramicidin on the thermotropism of the lipid bilayer was found to
be dependent upon the conformation of gramicidin in the lipid bilayers.
INTRODUCTION
Gramicidin (80% gramicidin A, 5% gramicidin B, and
15% gramicidin C) is a hydrophobic linear peptide, which
can form transmembrane channels that induce permeability
to monovalent cations in biological membranes (Urry,
1984). In the channel conformation, gramicidin is consid-
ered to exist as a single-stranded right-handed {363-helix
(Urry et al., 1971; Nicholson and Cross, 1989; Prosser
et al., 1991). Gramicidin is isolated from Bacillus brevis
and is composed of 15 amino acids. The structure of
gramicidin A is: HCO-L-Val1-Gly2-L-Ala3-D-Leu4-L-Ala5-D-
Val6-L-Val7-D-Val8-L-Trp9-D-Leu'0-L-Trp1 1-D-Leu 1
-L-Trp13_
D-Leu14-L-Trp15-NH2CH2CH2OH. In gramicidin B and C,
the tryptophan at position 11 is replaced by phenylalanine
and tyrosine residues, respectively.
Gramicidin has been widely used as a model for the hy-
drophobic part of intrinsic membrane proteins. Recently, it
has been shown by circular dichroism (Killian et al., 1988a),
NMR spectroscopy (LoGrasso et al., 1988; Killian et al.,
1988b), and high performance liquid chromatography (Bafio
et al., 1991) that gramicidin can adopt various conforma-
tional states in hydrated phospholipid bilayers. A number of
factors may determine the conformation that the gramicidin
molecule ultimately adopts in a phospholipid dispersion,
such as the peptide/lipid ratio, the solvent used to cosolu-
bilize the phospholipid and gramicidin, the incubation time,
and temperature (Killian et al., 1988a; Killian, 1992;
Wallace, 1983; LoGrasso et al., 1988). Trifluoroethanol was
originally suggested as a good cosolubilization solvent be-
cause of the monomeric nature of gramicidin in trifluoro-
ethanol (TFE) solution (Urry et al., 1972). In fact, it has been
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shown that when gramicidin is added to diacylphosphati-
dylcholine model membranes from a solution in TFE, it is
directly incorporated in the 1363 conformation (Tournois
et al., 1987). By contrast, when gramicidin is incorporated
from solvents such as chloroform or ethanol, in which it tends
to form various intertwined dimers, the channel structure is
slow to appear (Killian et al., 1988a; LoGrasso et al., 1988).
Vibrational spectroscopy is well-suited for the study of
lipid-protein interactions, since it allows the investigation of
the conformation of phospholipid molecules at different lev-
els in the lipid bilayers and to follow structural changes that
occur during the gel to liquid-crystalline phase transition.
Moreover, it provides direct information on the conformation
of proteins in lipid bilayers. A number of groups have in-
vestigated the interation between gramicidin and phospho-
lipid bilayers using infrared spectroscopy (Cortijo et al.,
1982; Lee et al., 1984; Naik and Krimm, 1986a,b; Davies
et al., 1990). However, the methods of sample preparation
used in these studies varied significantly. Therefore, in view
of the solvent dependence of gramicidin conformation in
model membranes, we have investigated in the present study
the interaction between gramicidin and a model membrane
composed of one phospholipid, dimyristoylphosphatidyl-
choline (DMPC), as a function of the cosolubilization solvent
and the incubation time. Three organic solvents have been
used: TFE, a mixture of methanol and chloroform (1:1 v/v),
and ethanol.
By use of Fourier transform infrared spectroscopy (FTIR),
we were able to demonstrate that the conformation adopted
by gramicidin in the membrane is dependent upon the co-
solubilization solvent, and, only with TFE, it is possible to
incorporate gramicidin entirely as a 136.3-helix. Moreover, in
view of the fact that the four tryptophan residues of grami-
cidin are essential for channel formation (Killian and de
Kruijff, 1986; O'Connell et al., 1990; Scarlata, 1988, 1991;
Becker et al., 1991), we have used Raman spectroscopy to
obtain detailed molecular information on the orientation and
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the environment of the tryptophan side chains in gramicidin
(Hirakawa et al., 1978; Miura et al., 1988; Takeuchi et al.,
1990) as well as on and their interactions with the hydro-
carbon chains and the carbonyl groups of the lipids. On the
other hand, the effect of the incorporation of gramicidin on
the thermotropism of the lipid bilayer was found to be de-
pendent on the cosolubilization solvent and the incubation
time used in the sample preparation. Our results therefore
clearly demonstrate the importance of the method of sample
preparation in the study of lipid-protein interactions.
EXPERIMENTAL PROCEDURES
Materials
Gramicidin and DMPC were obtained from Sigma Chemical Co. (St. Louis,
MO) and used without any further purification. Trifluoroethanol was pur-
chased from Aldrich Chemical Co. (Milwaukee, WI) and methanol and
chloroform from Fisher Scientific (Pittsburgh, PA). The salts used in the
preparation of the buffers were of analytical grade.
Preparation of samples
Samples of DMPC/gramicidin were prepared in a 10:1 molar ratio by co-
dissolving appropriate amounts of peptide and lipid in the organic solvent
(1 ml). In order to obtain homogeneous peptide/lipid films, the samples were
incubated at 52°C for 1 or 4 h and shaken on a vortex mixer at least a few
times during the incubation cycle. After the incubation, the organic solvents
were evaporated with a nitrogen stream followed by high vacuum overnight
to ensure complete evaporation of the solvents. The samples were then
hydrated with a Na2HPO4 buffer (100 mM) at pH 7.0, prepared in D20, and
submitted to several cycles of heating (52°C)-vortex shaking-cooling
(20°C). For the study of the phosphate region, the samples were hydrated
with a HEPES (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid])
buffer (100 mM) at pH 7.0 prepared in H20.
FTIR measurements
Infrared spectra were recorded with a Bomem DA3-02 Fourier transform
spectrometer equipped with a liquid nitrogen-cooled mercury cadmium tel-
luride detector. Samples were inserted between CaF2 or BaF2 windows
(Wilmad Glass Co. Inc, Buena, NJ) using 12-,um Mylar spacers. 250 in-
terferograms were recorded with a resolution of 2 cm-', and each spectrum
was corrected for the water contribution by subtracting appropriate poly-
nomial functions. The spectra in the carbonyl region were deconvolved
using the deconvolution software of Spectra-Calc (Galactic Industries, Sa-
lem, NH) which uses the deconvolution technique of Griffiths and Pariente
with a narrowing parameter ('y) of 2.18 and an apodization filter of 0.25
(Griffiths and Pariente, 1986).
For polarized ATR measurements, we used an ATR unit (model TMP-
220; Harrick Scientific Co., Ossining, NY) and a parallelogram germanium
ATR crystal (50 X 20 X 2 mm, 0 = 450) (Wilmad Glass Co. Inc., Buena,
NJ). The crystal was cleaned in a plasma cleaner sterilizer (model PDC-3x
G; Harrick Scientific Co.) prior to utilization. Oriented films of DMPC/
gramicidin were prepared by spreading the aqueous sample on the germa-
nium crystal. A Teflon bar was moved slowly back and forth along the
surface until complete evaporation of the solvent. 250 interferograms were
recorded with a 2-cm-1 resolution. The rotating wire-grid polarizer (Specac,
UK) was placed in the sample compartment and was under manual control.
All spectral data were analyzed with the SpectraCalc software.
Dichroic ratios (R) of the infrared bands were obtained by ratioing either
the integrated intensities or the peak heights of the bands measured with the
incident light polarized parallel and perpendicular with respect to the plane
of incidence (Fringeli and Gunthard, 1981; Hubner and Mantsch, 1991). If
a uniaxial fiber-type distribution is assumed with respect to the normal of
the ATR crystal (i.e., normal to the bilayer in the film), the order parameters
ffO) relating the orientation of the fiber axis and the normal of the ATR plate
were calculated with the following equation (Hubner and Mantsch, 1991):
R-2 2
f(R)R+ 1.45 3cos2y-1'
where y is the angle between the transition moment of a given vibration and
the fiber axis. The equation used is for thick films (Fringeli and Gunthard,
1981), since the film thickness obtained with our sample preparation method
is between 2.5-4 ,gm, which is much greater than the penetration depth of
the evanescent wave (0.2-0.8 ,um in the frequency range 4,000-1,000 cm-'
for germanium with ; = 450) (Hubner and Mantsch, 1991). For the lipid
hydrocarbon chains, the transition moments of the symmetric CH2 stretch-
ing mode is assumed to be uniformaly distributed with an angle y of 900,
while the angle y was set to 00 for the carbonyl stretching vibration of the
lipid head group. On the other hand, according to Nabedryk et al. (1982),
the value of -y for the amide 1 band of gramicidin can be estimated to 22.60.
The mean angle between the lipid or peptide axis and the bilayer normal was
then calculated from:
3 cos20 - 1
2
Raman measurements
Raman spectra were recorded on a microcomputer-controlled Spex Model
1400 double monochromator (Savoie et al., 1979) with a multichannel de-
tector (CCD9000 system from Photometrics Ltd., 1152 X 298 pixels EEV
detector) using the 514.5-nm exciting line from a Spectra Physics Model
2020 argon ion laser. The power of the laser at the sample was about 250
mW, and all spectra were obtained with a spectral resolution of 2 cm-1.
Capillaries containing the samples were placed in a thermoelectrically regu-
lated sample holder (P6zolet et al., 1983). By using emission lines of neon,
the frequency calibration was achieve with an accuracy of 1 cm-'. The
entrance slit was 2 cm-', and the acquisition time was 5 min (an average
of 10 acquisitions for each spectrum). Spectral manipulations were done
using the SpectraCalc software, and a four-point Fourier interpolation was
performed on all spectra.
RESULTS AND DISCUSSION
Conformational behavior of gramicidin in model
membranes
FTIR spectroscopy is very useful for determining the con-
formations of peptides in lipid bilayers by analyzing the am-
ide I region (Mendelsohn and Mantsch, 1986; Pezolet and
Dousseau, 1990; Surewicz and Manstch, 1988). We have
investigated the conformational behavior of gramicidin as a
function of the solvent from which the DMPC/gramicidin
samples were prepared by observing the frequency and the
shape of the amide I band at approximately 1632 cm-' (Urry,
1984).
Fig. 1 shows the infrared spectra of the amide I region for
DMPC/gramicidin samples obtained at a temperature of
40°C (above the gel to liquid-crystalline phase transition
temperature) for an incubation time of 1 h and as a function
of the cosolubilization solvent. Similar results were obtained
over the temperature range from 20 to 50°C and for an in-
cubation time of 4 h. When the cosolubilization solvent is
trifluoroethanol, the amide I band is sharp and located at
1632 cm-'. This frequency has been shown to correspond to
a f363-helix which is the active conformation of the trans-
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FIGURE 1 Infrared spectra at 40°C of the amide I region of gramicidin
in DMPC/gramicidin systems incubated for 1 h and initially prepared in
trifluoroethanol (- - -), a mixture of methanol/chloroform (1:1, v/v)
(-----), and ethanol (- ).
membrane channel (Urry, 1972). This result is in good agree-
ment with the conformation observed by circular dichroism
(Killian et al., 1988a). When a mixture of methanol!
chloroform (1:1 v/v) or ethanol are used as the initial co-
solubilization solvent, we observe a broadening of the amide
I band and the frequency shifts toward slightly higher fre-
quencies. These observations indicate that gramicidin, when
incorporated in the lipid bilayer from a mixture of methanol!
chloroform (1:1, v/v) or from ethanol adopts a different con-
formation (or possibly more than one conformation) com-
pared to that obtained with trifluoroethanol.
These results are in agreement with those obtained by cir-
cular dichroism (Killian et al., 1988a), NMR spectroscopy
(LoGrasso et al., 1988; Killian et al., 1988b), and high per-
formance liquid chromatography (Bafio et al., 1991) that
have shown that the active conformation of gramicidin, the
f363-helix (Urry et al., 1972), is favored when trifluoroetha-
nol is used as the cosolubilization solvent (Killian et al.,
1988a; LoGrasso et al., 1988; Killian et al., 1988b; Banoi
et al., 1991). On the other hand, when a mixture of methanol/
chloroform (1:1, v/v) or ethanol are used, other conforma-
tions like the double-stranded helix are known to be present.
Our results therefore confirm that the conformation of grami-
cidin incorporated in lipid bilayers is dependent upon the
cosolubilization solvent used in the sample preparation.
Moreover, they also clearly demonstrate the potential of
FTIR spectroscopy in determining structural changes in a
peptide incorporated into a lipid bilayer.
Structure and environment of gramicidin side
chains
Raman spectroscopy is useful in studying the structure of
peptides incorporated into lipid bilayers. In particular, this
method can provide information on the secondary structure
of the peptide as well as on the structure and environment of
the amino acid side chains (Takeuchi et al., 1990). In the
present study, we have used Raman spectroscopy to inves-
tigate the structure and conformation of the tryptophan side
chains in the peptide, as well as the structure of the tyrosine
residue at position 11 in gramicidin C (present in a proportion
of 15% in the mixture of gramicidins). The four tryptophan
side chains of gramicidin are located in the carboxyl-terminal
half of the peptide. In the channel conformation, tryptophan
(15) is accessible to solvent molecules, tryptophan (9) is well
buried in the membrane and for the two remaining tryptophan
(11 and 13), it has be shown that their exposure to solvent
molecules is dependent upon the thickness of the bilayer
(Takeuchi et al., 1990).
More specifically, the 880-, 1340-, 1360-, 1550-cm-1
bands of tryptophan and the 830- and 860-cm-1 tyrosine dou-
blet, have been used in the determination of the structure of
gramicidin side chains in the lipid bilayers as a function of
the cosolubilization solvents. For the tryptophan residues,
each band detected is an overlap of the band due to all four
tryptophan side chains present in gramicidin. The doublet at
1340 and 1360 cm-' is a marker of the hydrophobicity of the
environment of the indole ring (Harada et al., 1986; Miura
et al., 1988), the frequency of the 880-cm-1 band reflects the
strength of hydrogen bonding at theNH site of the indole ring
(Miura et al., 1988), while the band at 1550 cm-' gives the
absolute value of the Ca-C13-C3-C2 torsional angle of tryp-
tophan (X2'1) (Miura et al., 1989). The tyrosine doublet at
830-860 cm-1 was used to observe the state of hydrogen
bonding of the tyrosine residue (Kitagawa et al., 1979).
The 800-900-cm-1 spectral region is shown in Fig. 2. It
is first possible to observe changes in the frequency of the
880-cm-1 band of the tryptophan residues. This band gives
information on the strength of hydrogen bonding of the in-
dole ring (Miura et al., 1988). When the cosolubilization
solvent is trifluoroethanol, the frequency of the band is 873
cmti, and the band shifts to 874 and 875 cm-' when
methanol/chloroform or ethanol are used. The low frequency
of these bands indicates that the NH sites of the four indole
rings are strongly hydrogen-bonded (Miura et al., 1988) and
that the strength does not vary significantly as a function of
the cosolubilization solvent.
Since the samples used in the present study were prepared
with gramicidin D, which is composed of 15% of gramicidin
C in which the tryptophan at position 11 is replaced by a
tyrosine residue, it was also possible to observe the vibrations
of the tyrosine doublet in the 830-860-cm-1 spectral region.
When gramicidin is initially incorporated into the lipid bi-
layers with trifluoroethanol, the tyrosine vibrations can be
detected, but when the cosolubilization solvent is methanol!
chloroform (1:1, v/v) or ethanol, the tyrosine bands are not
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FIGURE 2 Raman spectra at 10°C of the 800-900 cm-' region ofDMPC/
gramicidin incubated for 4 h and initially prepared in trifluoroethanol
( -), a mixture of methanol/chloroform (1:1, vlv) (- ), and ethanol
well resolved. The observed change in the intensity ratio of
the two components of the doublet, I(860 cm-1)/I(830 cm-'),
suggests the formation of a strong hydrogen bond as the
codissolution solvent changes from methanol/chloroform or
ethanol to trifluoroethanol (Kitagawa et al., 1979).
The results obtained from the tyrosine doublet at 830-860
cm-l and the tryptophan band at 880 cm-' therefore indicate
that the tryptophan NH sites and the tyrosine OH group are
involved in the formation of strong hydrogen bonds, this
effect being particularly pronounced in the system prepared
from trifluoroethanol This result is in agreement with pre-
vious studies suggesting that the NH sites of the indole
ring of tryptophan are pointing toward the lipid carbonyl
groups (Ketchem et al., 1993; Woolf and Roux, 1993) and
that hydrogen bonding between the tryptophan NH group
and the lipid carbonyl groups are important for the stabili-
zation of the 36.3 conformation of gramicidin and for chan-
nel formation (O'Connell et al., 1990; Scarlata, 1988,
1991; Becker et al., 1991).
The relative intensities of the two components of the dou-
blet at 1340-1360 cm-' (Fig. 3) suggest differences in the
environment of the tryptophan residues as the cosolubiliza-
tion solvent changes from trifluoroethanol or the mixture of
methanol/chloroform to ethanol. The intensity ratio, I(1360
cm-1)/I(1340 cm-'), is near one when the cosolubilization
solvent is ethanol, which indicates that most of the trypto-
phan residues are located in a hydrophobic environment but
that the interactions with the acyl chains of the lipid are not
very strong (Harada et al., 1986; Miura et al., 1988). In con-
trast, when trifluoroethanol or methanol/chloroform are
used, the intensity ratio raises well above unity, which in-
dicates that most of the tryptophan residues are well buried
in the membrane, inaccessible to solvent molecules but most
importantly, interacting strongly with the lipid molecules.
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FIGURE 3 Raman spectra at 10°C of the 1340-1360 cm-' region of
DMPC/gramicidin incubated for 4 h and initially prepared in trifluoroetha-
nol (- - -), a mixture of methanol/chloroform (1:1, vlv) (-), and
ethanol (---).
The changes observed in the doublet at 1340-1360 cm-'
support the results obtained for the tyrosine doublet at 830-
860 cm-' and the tryptophan band at 880 cm-', which sug-
gested the formation of stronger hydrogen bonds between the
lipid carbonyl groups and the tryptophan NH sites when tri-
fluoroethanol is used as the cosolubilization solvent.
Another spectral change is noticed in the frequency of the
1550 cm-' band as a function of the cosolubilization solvent.
It has been shown that the frequency of this band gives the
absolute value of the torsional angle of the Ca-C3-C3-C2
linkage X21 (Miura et al., 1989). When the cosolubiliza-
tion solvent is trifluoroethanol, the frequency is 1548 cm-1
but when methanol/chloroform and ethanol are used as co-
solubilization solvents, the frequency of the band increases
to 1550 and 1553 cm-', respectively, as shown in Fig. 4.
Angles associated with these frequencies are between 900
and 990 (Takeuchi et al., 1990). The X2,' angles obtained
by Raman spectroscopy therefore clearly indicate that the
tryptophan residues have different orientations depending
on the cosolubilization solvent initially used in the sample
preparation.
Effect of the incorporation of gramicidin on the
lipid bilayers
Lipid acyl chain region
So far, the conformation of gramicidin in lipid bilayers has
been investigated as a function of the cosolubilization sol-
vent and incubation time. We have also investigated the
effects of the incorporation of gramicidin on the acyl
chains and interfacial regions of the lipid bilayers. Fig. 5
shows the acyl chain C-H stretching mode region for pure
DMPC (solid line) and the complex between DMPC and
gramicidin prepared from trifluoroethanol (dashed line)
00
00L
00 0
,,
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FIGURE 4 Raman spectra at 10°C of the 1550 cm-' band of DMPC/
gramicidin incubated for 4 h and initially prepared in trifluoroethanol
-), a mixture of methanol/chloroform (1:1, v/v)(- ), and ethanol
below and above the gel to liquid-crystalline phase transi-
tion temperature of the lipid. This spectral region is domi-
nated by two strong bands at 2920 et 2850 cm-', assigned
to the methylene antisymmetric and symmetric stretching
modes, respectively (Casal and Mantsch, 1984). Weaker
band due to the asymmetric and symmetric stretching
modes of the terminal methyl group are also observed near
2950 and 2870 cm-', respectively (Casal and Mantsch,
1984). The two methylene bands exhibit the same behavior
as the temperature is increased: they become broader and
they shift to higher frequency. The increase in bandwidth
FIGURE 5 Infrared spectra in the C-H stretching
mode region of DMPC (solid line) and of DMPC/
gramicidin initially prepared in trifluoroethanol and
incubated 4 h (broken line) in the gel (10°C) (A) and
liquid crystalline (50°C) (B) phases.
z
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has been assigned to the increase of the rotational mobility
of the acyl chains, while the frequency shift is due to the
introduction of gauche conformers in the lipid acyl chains
(Asher and Levin, 1977).
We have investigated the effect of the incorporation of
gramicidin into the DMPC bilayers as a function of the in-
cubation time for three different cosolubilization solvents,
trifluoroethanol, a mixture of chloroform and methanol (1:1,
v/v), and ethanol. Fig. 6 shows the temperature profiles de-
rived from the frequency on the symmetric methylene
stretching mode band near 2850 cm-' for incubation times
of 1 (top) and 4 h (bottom), respectively. The 2850 cm-'
feature was used instead of the 2917 cm-' band, since it is
less affected by the spectral contribution of the protein. For
the lipid-protein systems prepared from the three cosolubi-
lization solvents, with no regards of the incubation time,
insertion of gramicidin results in an increase of the frequency
of the 2850-cm-1 band, both below and above the gel to
liquid-crystalline phase transition temperature of the lipid.
This indicates that the interaction of gramicidin with DMPC
bilayers leads to an increase in gauche conformers as a result
of an increase in motional freedom of the lipid acyl chains
(Dluhy et al., 1984; Casal and Mantsch, 1984). Moreover, the
incorporation of gramicidin induces changes in the gel to
liquid-crystalline phase transition temperature of the lipid
and decreases the phase transition cooperativity. These re-
sults are in agreement with previous FTIR studies that in-
dicated that gramicidin introduces disorder in the lipid acyl
chains (Lee et al., 1984; Naik and Crim, 1986a, b; Cortijo
et al., 1982).
Differences in the thermotropic behavior of DMPC/
gramicidin bilayers are also observed as a function of the
cosolubilization solvents, these differences being more
pronounced when the incubation time is 1 h. More
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Carbonyl stretching mode region
0 00C . The effect of gramicidin on the interfacial region of DMPC
D .13 0* 0 ^bilayers has been investigated from the carbonyl stretching
.RA 0 ° samples, the carbonyl stretching mode region (1680-17500'DRE0°° cm-') consists of two bands originating from the two ester
carbonyl groups in the molecule. These bands are more
sffi z clearly distinguishable after resolution enhancement by Fou-
0
ooO rier deconvolution (Cameron et al., 1982). It has been shown
0 00 0 0 0 that the band at about 1740 cm-' is associated with phos-
31 110 201 5 pholipid carbonyl groups that are not hydrogen-bonded to
0 10 20 30 40 50 water while the low frequency band at about 1725 cm-' is
assigned to hydrogen-bonded C=O groups (Blume et al.,
1988).
Fig. 7 shows the carbonyl stretching mode region of the
. , e 8 a 8 * original and deconvolved infrared spectra of DMPC disper-
p
- o 00 sions in the absence and presence of gramicidin as a functionI:00 0 0°0 of the solvent initially used to cosolubilize the protein and the104e 000 0 lipid. The results are shown for the systems in the gel phase
. 08 (10°C) and for an incubation time of 1 h, but similar trends
D
A A Co 00 were also observed in the liquid-crystalline phase. We can
0 o] 0 observe that the effect of gramicidin on the interfacial region
0 0 0 0 0 0 0 0 000 of the lipid bilayer is more pronounced as the cosolubiliza-
1
tion solvent changes from ethanol to methanol/chloroform
0 10 20 30 40 50 (1:1, v/v) to trifluoroethanol. This effect is reflected by the
difference in the relative intensities of the two componentsTEMPERATURE (°C) of the carbonyl band compared to those observed for pure
remperature dependence of the frequency of the CH2sym- DMPC, the high-frequency band becoming slightly more in-
ng vibration in DMPC and DMPC/gramicidin (10:1 molar tense in the presence of gramicidin for the systems preparedially prepared in trifluoethanol (0), a mixture of methanol! from trifluoroethanol or methanol/chloroform (1:1, v/v).
1, v/v) (A), and ethanol(O), for incubation times of 1 h (top) This indicates a decrease in the number of carbonyl groups
m). that are hydrogen-bonded to water molecules. This could be
possibly due to a slight change in the conformation of the
interfacial region of the lipid molecule as a function of the
a marked decrease in the phase transition co- conformation of the peptide in the bilayer, the carbonyl
is observed when trifluoroethanol is used as a groups becoming less exposed to the water molecules. An-
tion solvent. This suggests a stronger effect of other possibility is hydrogen bonding of the lipid carbonyl
iration of gramicidin on the lipid acyl chains. groups with amino acid side chains of the gramicidin mol-
incubation time is increased to 4 h, the phase ecules. The later is supported by recent solid-state NMR
emperature and cooperativity of the systems spectroscopy results that have shown that the NH groups of
om trifluoroethanol and methanol/chloroform the indole ring of tryptophans are pointing toward the lipid
re similar. These results indicate that the effect carbonyl groups (Ketchem et al., 1993). This conclusion is
[in on the thermotropism of DMPC bilayers is also supported by our Raman spectroscopy results which
ve to several parameters influencing the confor- suggest that a fraction of tryptophan side chains in the grami-
he peptide in the membrane (vide supra). More cidin molecules are hydrogen-bonded. Moreover, fluores-
, our results demonstrate that the effect of cence spectroscopy results have shown that hydrogen bond-
is greater when the peptide is incorporated as a ing between the tryptophan NH groups and the lipid carbonyl
nd decreases with the presence of other confor- groups are importajit for the stabilization of the 1363 con-
.e solvent dependence of the gramicidin confor- formation of gramicidin and for channel formation (O'Con-
lipid bilayers can also explain the differences nell et al., 1990; Scarlata, 1988, 1991; Becker et al., 1991).
Phosphate stretching mode region
The effect of gramicidin on the polar head group of DMPC
has been investigated from the phosphate stretching mode
region (between 1000 and 1300 cm-') of the infrared spectra.
The results (not shown) indicate that there is no change in this
observed as a function of the incubation time, these differ-
ences being more easily observable when the incubation
time is 1 h. When the incubation time is increased to 4 h,
the conformation of gramicidin tends toward the P"63-helix
even if the cosolubilization solvent initially used for the
cosolubilization does not favor the active conformation of
the peptide (Killian et al., 1988a).
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FIGURE 7 Original (top) and Fourier decon-
volved infrared spectra (bottom) at 10°C of the car-
bonyl stretching mode region of (solid line) DMPC
and DMPC/gramicidin initially prepared in trifluo-
rethanol (A, - - -), a mixture of methanol/
chloroform (1:1, v/v) (B,-----), and ethanol and
incubated for 1 h (C, ).
wI0
FREQUENCY (cm1)
spectral region for DMPC in the absence and presence of
gramicidin, with no regards of the cosolubilization solvent or
incubation time. This result is not surprising, since the grami-
cidin molecule is known to incorporate in the bilayer and
therefore have very little effect on the lipid head group.
Orientation measurements
In order to obtain information on the orientation of the pep-
tide and lipid components of DMPC/gramicidin complexes
as a function of the cosolubilization solvent and incubation
time, polarized infrared attenuated total reflectance spectra
of oriented films of DMPC in the absence and presence of
gramicidin were recorded. We have investigated the orien-
tation of gramicidin and DMPC in systems of DMPC/
gramicidin as a function of the cosolubilization solvent and
the incubation time. Table 1 is a comparison of the dichroic
ratios (R) and the mean angles 0 calculated as described
under Materials and Methods. All these value are the average
of at least three independent measurements. The orientation
of different groups in pure DMPC bilayers are in agreement
with those reported in previous studies (Hubner and
Mantsch., 1991; Okamura et al., 1986).
In the gramicidin-lipid systems, we observe that there is
a reorientation of the lipid molecules compared to the ori-
entation obtained in the pure lipid system, the average ori-
entation of the lipid acyl chain changing from about 250 in
the pure lipid system to values between 300 and 350 in
gramicidin-lipid bilayers. This effect is observed for incu-
bation times of both 1 and 4 h. It should be noted that the
TABLE 1 Dichroic ratio (r) and calculated angle (0) for selected spectral absorption bands of DMPC and DMPC/gramicidin
oriented films
Spectral bands
VCH2 sym VC=o Vamide 1
Samples r 0 r 0 r 0
DMPC 1.07 ± 0.03 250 ± 20 1.31 ± 0.06 660 ± 20
DMPC/gramicidin incubation time of 1 h
Trifluoroethanol 1.19 + 0.02 310 + 10 1.49 + 0.04 620 + 10 3.3 ± 0.2 420 ± 20
Methanol/chloroform 1.22 ± 0.05 310 ± 20 1.53 ± 0.05 620 ± 10 3.0 ± 0.3 440 ± 30
Ethanol 1.18 ± 0.02 300 ± 10 1.48 ± 0.05 620 ± 10 3.2 ± 0.2 420 ± 20
DMPC/gramicidin incubation time of 4 h
Trifluoroethanol 1.23 ± 0.02 320 ± 10 1.51 ± 0.08 620 ± 20 3.0 ± 0.2 440 ± 20
Methanol/chloroform 1.26 ± 0.05 330 ± 20 1.59 ± 0.09 610 ± 20 2.6 ± 0.2 470 ± 30
Ethanol 1.31 ± 0.05 350 ± 20 1.55 ± 0.08 610 ± 20 2.6 ± 0.2 470 ± 30
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change of orientation observed with the incorporation of
gramicidin could also be interpreted as a broadening of the
orientation distribution. This would be in agreement with
the results obtained from the frequency of the symmetric
methylene stretching mode band which indicates that the
incorporation of gramicidin increases the number of
gauche conformers in the lipid acyl chains (vide supra).
The average orientation of the peptide molecule is ranging
from 420 to 47°. This indicates that the peptide is not ex-
actly aligned with the lipid molecules in solid lipid films
(Okamura et al., 1986). However, the orientation of both
the lipid and the peptide molecule in the gramicidin-lipid
system does not appear to be significantly dependent on
the cosolubilization solvent or the incubation time used in
the preparation of the samples.
CONCLUSIONS
Infrared and Raman spectroscopic techniques have been used
in the present study to investigate the solvent dependence of
the interaction between the peptide gramicidin and model
lipid bilayers. The results clearly indicate a change in the
secondary structure of gramicidin as a function of the co-
solubilization solvent initially used to prepare the peptide-
lipid system. More specifically, a 363-helix is obtained when
trifluoroethanol is used as the cosolubilization solvent and a
mixture of conformations are observed when ethanol of
chloroform/methanol (1:1, v/v) are used. Moreover, Raman
spectroscopy results indicate that the environment and ori-
entation of the tryptophan side chains in gramicidin are de-
pendent upon the cosolubilization solvent. The change in the
conformation of the gramicidin molecule is also reflected in
the effect ofthe peptide on the thermotropism of the lipid acyl
chains and on the formation of hydrogen bonds between the
lipid carbonyl groups and the NH sites of the tryptophan side
chains in the peptide.
The differences observed in the gramicidin-lipid system as
a function of the cosolublization solvent and the incubation
time clearly illustrate the importance of the method ofsample
preparation in the study of lipid-protein interactions. More-
over, the present study demonstrates the use of vibrational
spectroscopy in studying lipid-protein interactions by allow-
ing the observation of the effect of the peptide on the lipid
bilayers as well as the conformation of the peptide in the
same system.
We thank Dr. Michel P6zolet for many helpful and stimulating discussions.
We acknowledge the expert technical assistance of Pierre Audet and Chris-
tine Simard. Finally, we thank Dr. Benoit Roux for providing us the co-
ordinate of gramicidin in model membranes.
This research was supported by research grants (to M. Auger) from the
Natural Sciences and Engineering Research Council of Canada and by the
Fonds pour la Formation de Chercheurs et l'Aide a la Recherche (FCAR)
of the Province of Quebec.
REFERENCES
Asher, I. M., and I. W. Levin. 1977. Effects of temperature and molecular
interactions on the vibrational infrared spectra of phospholipid vesicles.
Biochim. Biophys. Acta. 468:63-72.
Ba6, M. C., L. Braco, and C. Abad. 1991. Conformational transitions of
gramicidin A in phospholipid model membranes: a high-performance
liquid chromatography assessment. Biochemistry. 30:886-894.
Becker, M. D., D. V. Greathouse, R. E. Koeppe II, and 0. S. Anderson. 1991.
Amino acid sequence modulation of gramicidin channel function: effects
of tryptophan-to-phenylalanine substitutions on the single-channel con-
ductance and duration. Biochemistry. 30:8830-8839.
Blume, A., W. Hubner, and G. Messner. 1988. Fourier transform infrared
spectroscopy of 13C=0 labeled phospholipids. Hydrogen bonding to
carbonyl groups. Biochemistry. 27:8239-8249.
Cameron, D. G., J. Kauppinen, D. Moffatt, and H. H. Mantsch. 1982. Pre-
cision in condensed phase vibrational spectroscopy. Appl. Spectrosc. 26:
245-250.
Casal, H. L., and H. H. Mantsch. 1984. Polymorphic phase behavior of
phospholipid membranes studied by infrared spectroscopy. Biochim.
Biophys. Acta. 779:381-401.
Cortijo, M., A. Alonso., J. C. Gomez-Fernandez, and D. Chapman. 1982.
Intrinsic protein-lipid interactions. Infrared spectroscopic studies of
gramicidin A, bacteriorhodopsin and Ca2l-ATPase in biomembranes and
reconstituted systems. J. Mol. Biol. 157:597-618.
Davies, M. A., J. W. Brauner, H. F. Schuster, and R. Mendelsohn. 1990.
A quantitative infrared determination of acyl chain conformation
in gramicidin/dipalmitoylphos-phatidylcholine mixtures. Biochem.
Biophys. Res. Commun. 168:85-90.
Dluhy, R. A., D. Moffat, D. G. Cameron, R. Mendelsohn, and H. H.
Mantsch. 1985. Characterization of cooperative conformational transi-
tions by Fourier transform infrared spectroscopy: application to phos-
pholipid binary mixtures. Can. J. Chem. 63:1925-1932.
Fringeli, U. P., and H. H. Gunthard. 1981. Infrared membrane spectroscopy.
In Membrane Spectroscopy. E. Grell, editor. Springer-Verlag, New York.
270-332.
Griffiths, P. R., and G. L. Pariente. 1986. Introduction to spectral decon-
volution. Trends Anal. Chem. 5:209-215.
Harada, I., T. Miura, and H. Takeuchi. 1986. Origin of the doublet at 1360
and 1340 cm-' in the Raman spectra of tryptophan and related com-
pounds. Spectrochimica Acta. 42A:307-312.
Hirakawa, A. Y., Y. Nishimura, T. Matsumoto, M. Nakanishi, and M.
Tsuboi. 1978. Characterization of a few Raman lines of tryptophan.
J. Raman Spectrosc. 7:282-287.
Hubner, W., and H. H. Mantsch. 1991. Orientation of specifically 13C=O
labeled phosphatidylcholine multilayers from polarized attenuated total
reflection FT-IR spectroscopy. Biophys. J. 59:1261-1272.
Ketchem, R. R., W. Hu, and T. A. Cross. 1993. High resolution protein
structure determination by solid-state NMR. Biophys. J. 64:299a. (Abstr.)
Killian, J. A. 1992. Gramicidin and gramicidin-lipid interactions. Biochim.
Biophys. Acta. 1113:391-425.
Killian, J. A., and B. De Kruiff. 1986. The influence of proteins and peptides
on the phase properties of lipids. Chem. Phys. Lipids. 40:259-284.
Killian, J. A., K. U. Prasad, D. Hains, and D. W. Urry. 1988a. The membrane
as an environment of minimal interconversion: a circular dichroism study
on the solvent dependence of the conformational behavior of gramicidin
in diacylphosphatidylcholine model membranes. Biochemistry. 27:
4848-4855.
Killian, J. A., L. K. Nicholson, and T. A. Cross. 1988b. Solid-state 15N-NMR
evidence that gramicidin A can adopt two different backbone confor-
mations in dimyristoylphosphatidylcholine model membrane prepara-
tions. Biochim. Biophys. Acta. 943:535-540.
Kitagawa, T., T. Azuma, and K. Hamaguchi. 1979. The Raman spectra of
Bence-Jones proteins. Disulfide stretching frequencies and dependence
of Raman intensity of tryptophan residues on their environments.
Biopolymers. 18:451-465.
Lee, D. C., A. A. Durrani., and D. Chapman. 1984. A difference infrared
spectroscopic study of gramicidin A, alamethicin and bacteriorhodopsin
in perdeuterated dimyristoylphosphatidylcholine. Biochim. Biophys.
Acta. 769:49-56.
LoGrasso, P. V., F. Moll III, and T. A. Cross. 1988. Solvent history de-
pendence of gramicidin A conformations in hydrated lipid bilayers.
Biophys. J. 54:259-267.
Mendelsohn, R., and H. H. Mantsch. 1986. Fourier transform infrared stud-
ies of lipid-protein interactions. In Progress in Protein-Lipid Interactions.
Vol. 2. A. Watts and J. J. H. H. M. De Pont, editors. Elsevier Science
2492 Biophysical Journal Volume 65 December 1993
Publishers. Amsterdam, The Netherlands. 103-145.
Miura, T., H. Takeuchi, and I. Harada. 1988. Characterization of individual
tryptophan side chains in proteins using Raman spectroscopy and
hydrogen-deuterium exchange kinetics. Biochemistry. 27:88-94.
Miura, T., H. Takeuchi, and I. Harada. 1989. Tryptophan Raman bands
sensitive to hydrogen bonding and side-chain conformation. J. Raman
Spectrosc. 20:313-322.
Nabedryk, E., M. P. Gingold, and J. Breton. 1982. Orientation of gramicidin
A transmembrane channel. Infrared dichroism study of gramicidin in
vesicles. Biophys. J. 38:243-249.
Naik, V. M., and S. Krimm. 1986a. Vibrational analysis of the structure of
gramicidin A. I. Normal mode analysis. Biophys. J. 49:1131-1145.
Naik, V. M., and S. Krimm. 1986b. Vibrational analysis of the structure of
gramicidin A. II. Vibrational spectra. Biophys. J. 49:1147-1154.
Nicholson, L. K., and T. A. Cross. 1989. Gramicidin cation channel: an
experimental determination of the right-handed helix sense and verifi-
cation of ,B-type hydrogen bonding. Biochemistry. 28:9379-9385.
O'Connell, A. M., R. E. Koeppe II, and 0. S. Anderson. 1990. Kinetics of
gramicidin channel formation of lipid bilayers: transmembrane monomer
association. Science. 250:1256-1259.
Okamura, E., J. Umemura, and T. Takenaka. 1986. Orientation of grami-
cidin D incorporated into phospholipid multibilayers: a Fourier transform
infrared-attenuated total reflection spectroscopic study. Biochim.
Biophys. Acta. 856:68-75.
Pezolet, M., B. Boule, and D. Bourque. 1983. Thermoelectrically regulated
sample holder for Raman spectroscopy. Rev. Sci. Instrum. 54:1364-1367.
Pezolet, M., and F. Dousseau. 1990. Determination of the secondary struc-
ture content of proteins in aqueous solutions from their amide I and amide
II infrared bands. Comparison between classical and partial least-squares
methods. Biochemistry. 29:8771-8779.
Prosser, R. S., J. H. Davis, F. W. Dahlquist, and M. A. Lindorfer. 1991. 2H
nuclear magnetic resonance of gramicidin A backbone in a phospholipid
bilayer. Biochemistry. 25:3796-3803.
Savoie, R., B. Boule, G. Genest, and M. Pezolet. 1979. A microcomputer-
controlled Raman spectrometer. Can. J. Spectrosc. 24:112-117.
Scarlata, S. F. 1988. The effects of viscosity on gramicidin tryptophan ro-
tational motion. Biophys. J. 54:1149-1157.
Scarlata, S. F. 1991. Effect of increased chain packing on gramicidin-lipid
interactions. Biochemist7y. 30:9853-9859.
Surewicz, W., and H. H. Mantsch. 1988. New insight into protein secondary
structure from resolution-enhanced infrared spectra. Biochim. Biophys.
Acta. 952:115-130.
Takeuchi, H., H. Nemoto, and I. Harada. 1990. Environments and confor-
mations of tryptophan side chains of gramicidin A in phospholipid bi-
layers studied by Raman spectroscopy. Biochemistry. 29:1572-1579.
Toumois, H., J. A. Killian, D. W. Urry, 0. R. Bokking., J. De Gier, and B.
De Kruijff. 1987. Solvent determined conformation of gramicidin affects
the ability of the peptide to induce hexagonal H,, phase formation in
dioleoylphosphatidylcholine model membranes. Biochim. Biophys. Acta.
905:222-226.
Urry, D. W. 1984. Molecular structure of the gramicidin transmembrane
channel: utilization of carbon-13 nuclear magnetic resonance, ultraviolet
absorption, circular dichroism and infrared spectroscopies. In Spectros-
copy of Biological Molecules. C. Sandorfy and T. Theophanides, editors.
D. Reidel Publishing Company, Dordrecht, Holland. 487-510.
Urry, D. W., M. C. Goodall, J. D. Glickson, and D. F. Mayers. 1971. The
gramicidin A transmembrane channel. Characteristics of head-to-head
dimerized 7r (L, D) helices. Proc. Natl. Acad. Sci. USA. 68:1907-1911.
Urry, D. W., D. F. Mayers, and J. Haider. 1972. Spectroscopic studies on
the conformation of gramicidin A. Evidence for a new helical confor-
mation. Biochemistry. 11:487-493.
Wallace, B. A. 1983. GramicidinA adopts distinctly different conformations
in membranes and in organic solvents. Biopolymers. 22:397-402.
Woolf, T. B., and B. Roux. 1993. Molecular dynamics simulations of pro-
teins in lipid membranes: the first steps. Biophys. J. 64:354a. (Abstr.)
